Abstract: The effects of cooling medium temperatures and plastic/rubber ratios on solidification and crystallization kinetics of dynamically-vulcanized polypropylene/ethylene-propylene-diene rubber (PP/EPDM) blends were investigated with the aid of an in-situ measurement technique. The cooling medium temperature heavily influenced the solidification kinetics primarily due to a combination of latent heat liberated from the molten polymer and the heat transferred away via the metallic wall during the cooling period. Interestingly, the parameter C in three-parameter model was not only affected by the material properties, but also by the cooling condition, different from the previous literature. The crystallization kinetics analysis indicated that the effect of EPDM in the blends consisted of both nucleation-promoting effect (low EPDM loading) and steric effect (higher EPDM loading). The present kinetic analysis may be helpful to further studies on improving the product performances for industrial applications.
Introduction
Polypropylene (PP), as a semi-crystalline thermoplastic plastic, has many advantages (e.g., high resistance to impact, good mechanical properties, resistance to a variety of organic solvents, etc), which has great applications in modern industry.
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However, PP also has some drawbacks, such as high shrinkage ratio, high dielectric constant, and hence greatly limits its wide application. [4] [5] [6] Ethylene-propylene-diene rubber (EPDM) composed of ethylene, propylene and non-conjugated diene, which can improve physical properties, such as stiffness, heat distortion temperature and dimensional stability, etc. [7] [8] [9] [10] Based on a degree of compatibility between EPDM and PP, EPDM was used as a toughening modifier to prepare the dynamic-vulcanized PP/EPDM blends, which have many excellent performances, for instance, high temperature resistance, impact resistance and recyclable. [11] [12] [13] Dynamic vulcanization is a commonly used method of fabricating PP/EPDM blends, in which the EPDM phase is partially or fully vulcanized. The properties of semi-crystalline polymer were determined † To whom correspondence should be addressed. E-mail: yangbin@ahu.edu.cn ©2017 The Polymer Society of Korea. All rights reserved.
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by the mechanisms and kinetics involved, which had a close relationship with its crystallinity process. 14, 15 The crystallization of polymer depended on many factors, such as, the molecular weight (M w ), the molecular weight distribution (MWD), and the cooling rate. Generally, due to the lack of in-situ instrument under the real operation conditions, to predict the cooling time during the melt cooling process was not easy. In our previous work, we developed a set of apparatus for real-time measurement during the cooling process for studying the phasechange behavior of polymer materials. [16] [17] [18] [19] After several repeated tests, the apparatus showed good stability and reliability. Based upon those results, we here proposed a novel method to study the crystallization kinetics of PP in PP/EPDM blends and attempted to further explore the non-isothermal crystallization process of PP in the blends by using the solidification kinetic analysis coupled with the press-volume-temperature (P-V-T) relationship, as shown in Figure 1 . In this study, PP/EPDM blends with various EPDM contents were prepared by dynamic vulcanization technique. The effects of cooling medium temperature and EPDM content on the solidification and crystallization kinetics of PP in the blends were investigated extensively with an in-situ temperature measurement method. The study has practical significance for further exploring the crystallization kinetics and optimizing the process variables of crystalline polymers and their blends under real processing conditions. o C for 10 min and then cooled on another press vulcanizer at room temperature to prepare the specimens for subsequent characterization.
Experimental
Experimental Procedures. The experimental set-up used in this work is illustrated in Figure 2 . A certain amount of samples was put at the bottom of the metallic container. The bottom of the container was eventually heated to 220 o C and kept there for 10 min to ensure that the blends were uniformly melted. Subsequently, the metallic container was quickly immersed into a reservoir full of circulating water (as the cooling medium) whose temperature was controlled at a specific temperature (i.e., 20, 40, 60 and 80 o C, respectively). Meanwhile, a micro-thermocouple (model: TK-247, measuring range: 0~350 o C, Anthone Electronics Co., China) was fixed on the top of the metallic container and inserted into the molten samples at a specific depth (close to the center of the molten materials). The decreases of melt temperature during the entire cooling stage were real-time recorded by a temperature acquisition instrument (model: LU-R2100, Anthone Electronics Co., China) through the compensating conductor with a sampling time of 1.0 s.
Results and Discussion
Solidification Kinetic Analysis of PP/EPDM Blends. As is known, a typical cooling process of the crystalline polymer undergoes three different stages:
17 liquid phase cooling stage, phase-change plateau and solid phase cooling stage, as shown in Figure 3 . In stage I, the melt temperature decreased rapidly from the initial temperature (T 0 ) to the phase-change temperature (T 1 -T 2 ) and the cooling rate decreased gradually. After that, in stage II, the melt temperature varied relatively slowly and the polymer melt began to change from liquid phase to solid phase. Finally, in stage III, the cooling rate decreased as the cooling time elapsed and the curves tended to become flat. Thus, the melt temperature finally approached to the cooling 
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medium temperature (T w ). The temperature profile would vary with cooling conditions, such as, the thermal properties of polymer, the temperature difference, etc. The temperature decay curves of all samples cooled for various temperatures of the cooling medium during the whole cooling stage are presented in Figure 4 . All cooling curves displayed similar shape. The melt temperature of the blends continued to fall until approaching the cooling medium temperature. The lower the temperature of the cooling medium, the faster the cooling rate was. The existence of the phase-change plateau was thus caused by the heat liberated from crystallization being equal to the heat transferred through the metallic container during the cooling process. Based on the previous work, [15] [16] [17] [18] [19] the crystallization rate was in proportion to the cooling rate. As the cooling rate increased, the crystallization took place much faster and hence the time of phasechange plateau lasted got much shorter. 19 Therefore, it can readily be seen that not all the curves displayed three stages. Because of the high thermal conductivity of metallic container and the relatively greater temperature difference between the polymer melt and cooling medium, the latent heat released from the phase-change process can be easily transferred away to the cooling medium. Thus, no phase-change plateau can be observed in those curves. It can obviously be seen that the solidification and crystallization kinetics of PP/EPDM blends were strongly dependent on cooling medium temperature (T w ).
For better comprehension, a normalized temperature θ, 16 has been proposed in the solidification kinetic analysis, and can be defined as follows:
where T, T 0 and T w are the time dependent melt temperature, initial melt temperature, and cooling medium temperature, respectively. 16, 17, 20 Then, in order to further explore the physical factors behind the solidification kinetics of polymer, using a three-parameter model proposed in literature 17,18 through the non-linear fitting technique, the equation of the cooling curves can be summarized as:
where parameter A is related to T 0 , and B is determined by T w . While parameter C is influenced by the molecular structure of the polymers, such as M w , MWD, chain branching structure, etc. A smaller value of C always means shorter time for the melt to reach the cooling medium temperature. 16, 17 The relationships of θ and ln t of the blends are presented in Figures 5-8 . It was obvious that all curves had quite similar trends. Table  1 demonstrates the variations of the parameters A, B, C and values of the respective regression coefficient (R
2
) with increasing EPDM content and cooling medium temperature. All values of R 2 were greater than 0.990, which indicated that the fitting accuracy of the curves were high for the non-linear curve fitting, as presented in Table 1 . Moreover, it was obvious that A basically remained a constant value (~1.1) when the EPDM content and cooling medium temperatures varied in this study. The value of B basically increased when cooling medium temperature rose for a given sample. For the blends at a given cooling medium temperature (e.g., 80
o C), the values of C ranked as: PP/EPDM (80/20) > PP/EPDM (70/30) > PP/ EPDM (90/10) > neat PP. However, unlike previous literature, the parameter C in our study was found to be not just influenced by material characteristics of the polymers (e.g., molecular weight, thermal conductivity, etc.), but by the cooling conditions (e.g., cooling medium temperature). However, the reason why the varied value of C was associated with the EPDM content and cooling medium temperature still needed to be investigated. According to Table 1 and Figures 5-8 , the experimental cooling curves of all samples agree quite well with their respective non-linear fitting curves.
From the practical view point, the value of cooling time (t c ), i.e., the time needed for cooling the polymer melt from T 0 to HDT, can be estimated for crystalline polymers during cooling process. 15 The t c can readily be calculated using eq. (2), when the heat distortion temperature (HDT) of the polymer is given The ultimate temperature for usage of products was widely adopted as the demolding (or ejection) temperature during an industrial injection molding process. The experimental cooling time was in good agreement with the predicted t c , as demonstrated in Table 2 . The cooling time shortened with decreasing cooling medium temperature, which was mainly caused by the large temperature difference and great thermal conductivity. Thus, the cooling rate increased with decreasing cooling medium temperature. The t c can be simply predicted by the three-parameter model, which can supply good insight into the formation of various crystalline structures as well as the optimization of processing variable of cooling process.
Crystallization Kinetics of PP Phase in PP/EPDM Blends. The developments of relative crystallization with the crystallization time of the samples were presented in Figure 9 . To explore the physical reason behind the crystallization process of PP/EPDM blends, the density equation was utilized in the present work. 18, 21 The relative crystallinity (X t ) at time t during the crystallization process can be calculated 18 as below:
where ρ c , ρ a , V c and V a are the four parameters associated with polymer crystallization process. 17,21,22 ρ c and ρ a are the densities of fully crystalline and amorphous regions of PP, respectively. Similarly, V c and V a denote the specific volume of fully crystalline and amorphous phases, respectively. These all curves were in the shape of "S" in Figure 9 , which indicated a fast primary process during the initial stage and a slow secondary process during the later stage. 15 The relative crystallinity got a jump after an induction period, which was continued by a stage when the relative crystallinity increased slowly and gradually reached a maximum at the end of the total crystallization period.
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As can be seen in Figure 9 , the crystallization rates of the blends became significantly higher with decreasing the cooling medium temperature, which were mainly concerned with the cooling rate during cooling process. One important parameter about crystallization kinetic is the crystallization half-time (t 1/2 ), which can be readily obtained from the relative degree of crystallinity plotted as a function of time (cf. Figure 9) . t 1/2 is the change of time from the initial time to the time when the X t reaches 50%, which is usually utilized to characterize the crystallization rate. 23 Larger value of t 1/2 always indicates a lower crystallization rate (i.e., slower crystallization kinetics). All t 1/2 values of the blends are listed in Table 3 . It was obvious that the values of t 1/2 of PP/EPDM blends at same cooling medium temperature were basically less than those of neat PP during the non-isothermal crystallization process, indicating that EPDM played a good role in promoting the crystallization of PP phase. 22, 24 It seemed that there were likely more nucleating sites in the blends when EPDM particles were dispersed in the PP matrix. The incorporation of EPDM improved the crystallization rate at low content, but the promoting effect was related to the content of EPDM in the blends. 25 With the EPDM content continually increasing, the crystallization of PP phase was restricted by the dispersed EPDM particles, leading to the reduced crystallization rate and low degree of crystallinity. [26] [27] [28] [29] For instance, at same medium temperature, the t 1/2 of the blend (20% EPDM) was found to be smallest, which showed a high non-isothermal crystallization rate and the most active nucleation promotion effect of PP phase among these blends. It was mainly caused by the limited space for the further growth of crystal in the blends. EPDM with the large number of branching chains might act as a blocking agent, increase the viscosity of the blends and decrease the chain motion. Hence, the motion of PP chains toward the growing nuclei became more difficult. Moreover, interactions such as hydrogen bonding between polar groups of branching chains became stronger with increasing EPDM content, and would cause more physically crosslinking network to form in the blends. Consequently, the crystallization rate decreased remarkably at higher EPDM content in the blends. Thus, it can be concluded that the effects of EPDM particles on the crystallization of PP phase in the blends mainly consisted of the promoting nucleation effect (related to crystal nucleation) and steric effect (primarily influencing the crystal growth). In addition, interestingly, when cooling medium temperature was 60 o C, the t 1/2 of PP/EPDM (80/20) blends was large, which will be further investigated in our ongoing work. The obtained data (cf. Table 3 ) also showed that the values of t 1/2 of same blend increased as cooling medium temperature increased, indicating that the crystallization kinetics of the blends were strongly affected by the cooling medium temperature. The crystallization rate decreased with increasing cooling medium temperature, which was consistent with earlier discussions.
Conclusions
In the article, a novel method was applied to study the solidification and crystallization kinetics of PP/EPDM blends. Investigation on the effects of cooling medium temperatures and plastic/rubber ratios on the solidification kinetic as well as crystallization kinetics of the PP/EPDM blends were performed using an in-situ measurement of the temperature decay. It revealed that the cooling medium temperature strongly influenced the solidification kinetics of the blends, which could be attributed to the combination between heat liberated from crystallization and the heat transferred through the metallic container during cooling process. Our experimental results were in good agreement with the theoretical predictions using threeparameter model. Interestingly, the parameter C was not merely influenced by the materials properties, but also by the cooling conditions, which differed from the previous findings. The crystallization kinetics study presented that the incorporation of EPDM to PP matrix promoted the nucleation process of PP, leading to the increased crystallization rate. Especially, the value of t 1/2 of the PP/EPDM (80/20) blend was basically smallest at same cooling medium temperature, indicating the fastest crystallization rate among the blends. However, the crystallization rate of the blend with a higher EPDM content decreased slightly. In conclusion, the EPDM effects on the crystallization kinetics of PP phase in the blends mainly depended on the promoting nucleation effect and steric effect. The present study has significance for further exploring the crystallization kinetics and optimizing process parameters of the blends during real processing operations.
